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ABSTRACT 
The ratio of short- to long-period amplitude is expressed in terms of apparent 
stress, rigidity times energy over moment (tsEe/Mo), for 277 earthquakes in 
California. A map showing the apparent stresses is compiled. In general, the 
Mendocino and San Andreas faults as well as the Gulf of California area are 
regions of large surface-wave excitation and little short-period radiation (low 
apparent stress). Away from the main fault zones, the apparent stresses tend to 
be higher. Regions of conspicuously low surface-wave excitation (high apparent 
stress) are the Laguna Salada-Sierra Juarez region in northern Baja California, the 
California-Nevada border region north of Bishop, and the region associated with 
the bend of the San Andreas between San Bernardino and San Gorgonio Moun- 
tain. A detailed comparison of earthquakes with accurately-known depths at 
Parkfield and Borrego Mountain indicates two important differences in apparent 
stresses between these two source regions. The apparent stress at all depths is 
larger at ~orrego Mountain than at Parkfield, and it increases with depth at Borrego 
Mountain, whereas it remains constant at all depths at Parkfield. The explana- 
tion for the variation of surface-wave excitation (apparent stress) is not known 
for certain, but it could be related to variations in true stress. 
INTRODUCTION 
This study is concerned with regional variations of source spectra of earthquakes. 
Such variations, if they can be demonstrated to exist, will have important implications 
for (a) the understanding of tectonic processes, (b) the estimate of earthquake risk, 
and (c) the detection of underground nuclear explosions. Tectonic processes like earth- 
quakes and fault creep must ultimately be quantitatively understood in terms of rock 
mechanics. In order to achieve this understanding, it is important to learn how different 
source materials affect the source parameters which can be estimated from the ampli- 
tude spectrum of radiated waves. It is difficult to estimate the earthquake risk on the 
basis of the seismicity alone. Allen (1968) has taken into account regional peculiarities 
of the seismieity record before estimating the seismic risk. A map of regional differ- 
ences in the source parameters together with the seismicity would be the most meaning- 
ful tool for earthquake risk evaluation available at present. For the detection of under- 
ground nuclear explosions, it is important to know which regions produce earthquakes 
with spectral contents similar to explosions and which regions do not. 
Spectral differences between the seismic signals of shallow earthquakes recorded 
locally in the western United States can be large. This becomes obvious when the short- 
period and long-period records of equidistant events are compared. In Figures 1, 2, 
and 3, earthquakes with similar local magnitude, i.e., similar short-period amplitudes, 
show large differences in the long-period amplitudes. These differences could be due to 
(a) properties of the paths, (b) the depths of the sources, and (c) source parameters. 
This study deals with earthquakes in southern California, where the crustal structure 
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is not expected to vary so strongly as to locally reduce a selective portion of the seismic 
spectrum by an order of magnitude. The differences in the path effects are expected 
to be minor. Good evidence in support of this assumption comes from the observations 
of the same earthquakes at several stations (Table 2). The measure for long-period 
radiation (AR) as well as the measure for short-period radiation (ML) was obtained 
at several stations for a large number of earthquakes. The results indicate that earth- 
quakes with anomalous ratios of high- to low-frequency ontent record consistently at 
the different stations. 
Further support for the relative insignificance of the path effects is given by the 
difference in seismic radiation between the Baja California high-frequency and the 
Gulf of California low-frequency earthquakes which have almost identical paths to 
the recording stations. There still could be local low-pass filters in the form of magma 
chambers surrounding seismic sources which make them appear deficient in high fre- 
FIG. 1. The short- and long-period records for two earthquakes with similar magnitude and epi- 
central distance are compared. Records were obtained at Pasadena. 
quencies. This, however, can be ruled out at least for those regions through which the 
high-frequency radiation from Baja California and Nevada has to travel to reach the 
recording stations. The regions for which the near-source absorption possibility cannot 
yet be ruled out are the Mendocino and Gulf of California regions. On the whole, how- 
ever, we feel that it is justified to assume that different absorption properties along 
different paths play a minor role in modulating the seismic signal. 
The source depth strongly affects the Rayleigh-wave excitation at the periods re- 
corded for local earthquakes (e.g., Tsai, 1969). For this reason, earthquakes of equal 
depth should be compared. Such a comparison is possible for two regions, Parkfield 
and Borrego Mountain, where the depths of a large number of aftershoeks have been 
determined accurately (Eaton et al., 1970; Hamilton, in preparation). In general, the 
depths of earthquakes in California do not exceed 16 km, but, within that range, they 
are not very accurately ocated. If it is assumed that the average focal depth does not 
vary throughout southern California, the average spectral ratios of a number of earth- 
quakes in each source region can be compared to each other. 
How should the spectral differences be measured? In the ideal study one should 
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obtain the complete spectra for a number of phases for each earthquake. Based on 
these and aecounting for crustal structure and source depth, the moment M0, fault 
dimension r, dislocation g, stress drop r, radiated energy E , ,  and the apparent stress 
(ce) could be estimated. Such a study would mean a major effort. A more feasible 
approach on the other hand, would be to take the amplitude ratio at two given fre- 
quencies. For the present study a modified version of the second approach was chosen. 
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The long-period parameter was AR which was defined by Brune et al. (1963) as the 
sum of the areas under the surface-wave nvelope of the three long-period Press-Ewing 
components at a given station. The seismic moment was estimated from AR following 
Wyss and Brune (1968) and disregarding differences in surface-wave xcitation due to 
focal depth and focal mechanism. The local magnitude ML (based on the maximum 
amplitudes on Wood-Anderson torsion instruments which typically have a period of 
0.8 see) was used as a short-period parameter. From ML the Gutenberg Energy Ea 
was estimated. The ratio of Ea/Mo is finally used as a measure of the relative low-fre- 
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quency content of the studied earthquakes. If the two quantities Eo and M0 are indeed 
good estimates of the seismic energy and the moment, their ratio is equal to a lower 
bound of the shear strain in the source region (Aki, 1966; Wyss and Brune, 1968). If 
this ratio is multiplied by the shear modulus ~, the apparent stress is obtained. The 
advantage ofgiving the spectral ratios in terms of t~Ea/Mo is that the resulting number 
can be regarded as proportional to the stresses in the source region. 
The apparent stress can always be obtained according to the above definitions. How- 
ever, for earthquakes with different stress drops, the relation of apparent to true aver- 
age stress may be different since the fractional stress drop affects the long-period part 
of the spectrum more than the short-period part (Brune, 1969). The earthquakes 
studied have magnitudes between 3.5 and 5.5. For the smallest or largest earthquakes, 
the stress drops will be typically a factor of 3 smaller or larger, respectively, than the 
stress drop for a magnitude 4.5 earthquake (King and Knopoff, 1968; Wyss, 1970). 
Since we consider order of magnitude differences, we will neglect his effect at the 
present. In the future, however, one should attempt o determine regional differences 
in stress drop. 
DATA 
The surface-wave envelope areas, AR, of 180 earthquakes recorded at Pasadena 
during the years 1963 to 1968 were determined. The local magnitudes of these earth- 
quakes ranged from 2.7 to 5.8. Epieentral distances ranged from roughly 100 to 1,000 
km. AR was normalized to a standard istance of 300 km using the distance correc- 
tions by Brune et al. (1963). From the standardized envelope area AR3oo, the seismic 
moment was estimated using the relation given by Wyss and Brune (1968). This pro- 
cedure gives only approximate moments, because the excitation of fundamental mode 
surface waves varies with depth. The radiation pattern was in general unknown and 
could not be taken into account. The effect on AR due to different positions on the 
radiation pattern is believed to be small since AR is defined as the sum of Rayleigh 
and Love waves on all three components. 
The local magnitudes ML determined by the California Institute of Technology 
(Richter et al., 1967; Allen et al., 1968) were used to estimate the seismic energy 
log Ea = 1.5 ML -t- 11.8 (Gutenberg and Richter, 1956). It has recently been pointed 
out to us (Hanks, personal communication) that this widely-used relationship was 
originally based on surface-wave magnitude, and another elationship might be more 
appropriate for local magnitude. However, we have not made such a change, partly 
for convenience and partly because true relationship is so poorly known and the dif- 
ferences are not critical to the results obtained here. Generally, ML was an aver- 
age obtained from several southern California stations. In this paper Ea is meant o 
be nothing more than a measure of the high-frequency level of the spectrum with the 
units of energy. 
We proceed now to express the ratio of high to low frequency by 
Eo = = (ca)  (1 )  
where c is the seismic efficiency. It must be remembered that even though the result 
has the units of pressure, the apparent stress (ca) is only approximately proportional 
to the stress in the source region. Particularly for earthquakes deeper than the average 
California depth, the moment was relatively underestimated and the apparent stress 
was relatively overestimated. This bias is of no importance if we compare arthquakes 
with the same depth. 
In this procedure, it has been assumed that the shear modulus ~ is constant and 
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TABLE 1 
AR VALUES RECORDED AT PASADENA 
ARsoo t~EG/Mo Date Hour M L AR3oo ttEG/Mo Date Hour M L (mm 2) (bars) (ram2) (bars) 
1959 
Jul 29 16 2.9 2 17 
29 20 3.1 8 8 
29 21 3.3 22 6 
Aug 3 15 3.5 47 6 
3 17 2.9 2 17 
1960 
Jan 20 03 5.3 8,460 16 
Nov 3 06 4.8 342 70 
1968 
Jan  9 06 4.0 29 53 
13 02 4.2 645 5 
Mar 1 00 5.0 1,700 28 
4 20 4.0 57 26 
Apr 12 05 3.9 20 54 
26 01 4.0 0 >500 
May 3 02 4.2 17 180 
3 08 3.8 1 750 
3 17 3.8 0 >250 
3 17 3.6 0 >130 
5 13 3.O 2 24 
7 19 3.3 6 22 
8 00 2.7 2 8 
23 06 4.3 150 28 
23 06 3.3 17 8 
23 06 3.8 32 24 
23 15 4.8 1,335 18 
23 17.1 3.5 26 11 
23 17.7 3.5 1 >90 
23 18 3.7 117 5 
28 11 3.6 30 13 
Jun 11 15 5.8 4,620 170 
21 23 3.7 66 8 
Jul 18 19 3.9 58 19 
19 15 3.6 28 14 
30 17 3.3 0 >45 
30 22 3.4 0 >63 
Aug 15 21 4.2 6 500 
22 04 4.4 40 150 
22 12 3.5 17 16 
28 12 2.8 0 >8 
Sep 14 18 2.9 0 >11 
15 10 3.2 0 >32 
22 00 3.3 0 >45 
23 14 5.0 1,675 29 
25 08 3.8 22 34 
25 11 3.8 19 40 
Oct 8 23 3.7 17 32 
16 23 3.1 0 >22 
27 14 4.4 10 ~600 
Nov 1 14 3.2 0 >32 
Dec 6 08 4.7 788 21 
10 22 3.7 3 ~180 
12 17 3.1 0 >22 
1964 
Jan 6 23 3.8 20 38 
6 23 4.5 456 19 
30 11 3.4 0 >63 
30 11 3.5 0 >90 
Feb 3 08 5.0 10,400 5 
3 09 4.5 1,080 8 
3 13 4.5 714 12 
7 22 4.4 265 23 
7 22 4.2 245 12 
21 03 4.5 279 31 
May 22 02 3.8 6 120 
31 06 3.7 0 >180 
Jun 6 11 4.3 130 33 
Aug 1 18 3.5 9 30 
4 20 3.9 24 45 
Sep 4 20 4.0 3 500 
Oct 5 01 4.1 43 50 
5 01 4.4 88 69 
Nov 2 11 4.5 84 100 
8 01 4.0 14 107 
21 17 4.2 160 20 
23 23 4.0 0 > 500 
1965 
Jan 1 07 3.9 98 11 
1 08 4.4 465 13 
Feb 14 20 3.5 0 >90 
Mar 28 02 3.5 0 >90 
Apr 15 20 4.5 354 24 
Jun 16 02 4.4 428 14 
16 03 3.6 4 100 
16 09 3.7 12 45 
23 16 3.8 0 > 250 
Jul 16 07 4.0 38 40 
27 14 4.3 372 12 
27 15 3.7 97 6 
Aug 15 23 4.0 82 19 
19 20 3.8 14 54 
Sep 6 18 3.4 1 190 
10 14 3.5 0 >90 
16 04 5.4 15,000 13 
19 15 4.8 950 25 
22 21 4.5 110 78 
25 17 5.2 2,450 39 
25 17 4.9 1,090 31 
26 07 5.0 800 60 
Oct 10 23 3.7 8 67 
17 09 4.9 420 81 
17 15 3.9 53 20 
21 08 3.6 0 > 130 
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TABLE 1--Continued 
ARsoo #E G/Mo Date Hour M L ARsoo tie G/Mo Date tiour M L (ram 2) (bars) (mrn~) (bars) 
13 3.4 0 >63 Dec 22 
1966 
Jan 7 19 4.0 41 37 
Mar 19 14 4.0 42 36 
Apr 17 07 4.0 0 >500 
May 22 07 5.5 11,530 23 
23 11 5.6 14,120 27 
Jun 21 09 4.1 1,380 2 
28 01 3.5 23 12 
28 04 4.9 7,057 5 
28 04 5.8 152,000 5 
28 13 3.3 0 >45 
28 20 3.4 3 60 
29 02 4.1 125 17 
29 08 3.2 24 4 
29 13 3.8 69 11 
29 19 4.9 5,247 7 
39 01 4.1 342 6 
Jul 1 09 3.5 14 18 
15 10 4.0 33 46 
Sep 2 11 3.7 8 67 
2 17 3.4 0 >190 
Oct 11 16 4.4 330 18 
27 12 4.2 216 14 
1967 
Feb 18 18 3.6 18 21 
Mar 1 06 3.7 15 36 
2 14 4.4 133 46 
13 21 3.6 0 >126 
May 21 14 4.7 310 55 
Jul 12 04 3.5 12 22 
24 07 3.7 68 8 
Aug 11 00 4.1 40 53 
Oct 14 00 3.6 8 48 
14 00 3.5 0 >90 
Dec 18 17 5.2 5,520 17 
31 23 4.3 653 6 
1968 
Apr 9 02 3.7 13 41 
9 08 4.0 258 6 
9 08 3.6 0 > 130 
9 08 3.4 12 16 
9 09 3.8 3 250 
9 09 4.0 29 53 
9 11 4.0 58 26 
9 11 3.9 28 38 
9 12 3.6 20 19 
9 18 4.7 92 180 
10 00 3.7 13 41 
10 13 3.9 15 70 
11 15 3.7 15 36 
13 01 3.3 <9 >15 
23 16 4.1 9O 25 
May 2 00 3.5 0 >90 
6 10 3.5 0 >90 
7 07 3.3 0 >45 
8 16 3.3 0 >45 
10 05 3.3 0 >45 
13 18 3.3 0 >45 
equal to 3.1011 dyne/cm 2.However, this assumption does not affect the results since tt 
is already inherent in the moment  determinat ion (Aki, 1966). 
Mo = uAD 
where A equals the rupture area and D equals the average displacement on A. u there- 
fore cancels out in ratio (1). 
The data are given in Tables 1 and 2. The locations were not included for brevity. 
They can be obtained from the Pasadena local bul letins (Richter et al., 1967; Allen 
et al., 1968). For the years 1961 and 1962, the information is available at the Seismo- 
logical Laboratory, California Inst i tute of Technology. Table 1 contains the earth- 
quakes for which AR from Pasadena (PAS) was available only. For the earthquakes in
Table 2 Pasadena (PAS), Berkeley (BRK),  Ruth,  Nevada (39°15 '00"N/115°00 '00"W)  
and Reno, Nevada (39°32'24'~N/119°48~47~W), furnished AR values. The data in 
Table 2 were previously used by Brune et al. (1963). 
DISCUSSION 
Parkfield versus Borrego Mounta in .  During the last four years, two medium-sized 
earthquakes occurred in southern California, the Parkfield 1966 and the Borrego 
Mounta in  1968 events. They had magnitudes of 5.8 and 6.4, respectively. Both pro- 
duced surface ruptures and large numbers of aftershocks. In  both events, the U. S. 
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TABLE 2 
AP~ VALUES RECORDED AT FOUR WESTERN STATIONS 
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AR~°°(mm2) ,uE a/Mo 
Date ~ ML bars 
PAS BRK Ruth Reno 
1961 
Jan 04 00 4.0 38 77 
25 07 4.5 38 0* 0* 
28 08 5.3 1,865 4,540 3,200 
Feb 02 00 5.0 1,300 
02 00 5.2 540 
09 17 4.8 140 16(1) 0 
28 21 4.4 0 0 
Mar 05 13 3.8 0 0 
12 07 3.5 13 0* 0* 
12 09 3.8 10 0* 4 
22 15 4.0 23 0* 0* 
27 09 4.4 215 95 290 
Apr 06 04 5.0 10'070 18'000 
28 01 4.6 130 395 240 
28 06 4.2 72 94 69 
28 14 3.8 23 47 17 
29 11 4.4 308 
1961 
May 01 02 4. I 310 846 610 
01 02 4.4 2,730 1,400 
01 07 4.3 4,710 
01 12 4.4 5, i00 8,140 3,500 
02 06 4.5 12 0 0 
00 02 4.1 5 0 
11 04 4.0 400 1,200 580 
I1 18 4.4 840 2,160 1,450 
May 12 17 4.8 180 1,120 754 
13 05 4.1 860 424 
13 08 4.45 900 2,870 1,420 
14 19 4.55 3,600 8,130 5,480 
17 03 4.05 306 620 550 
17 06 4.0 150 193 
18 11 4.2 45 94 
18 09 4.35 380 644 430 
20 11 3.8 4 0 
28 12 4.4 93 24 72 
29 
220 
43 
37 
180 
250 
>1,990 
>240 
21 
110 
66 
30 
3 
47 
39 
26 
20 
8 
3 
1 
1 
710 
430 
2 
4 
6 
3 
4 
2 
4 
8 
43 
10 
190 
96 
1961 
May 28 17 4.5 718 310 17 
29 01 3.5 7 0 76 
31 07 4.0 2(1) 0 250 
Jun  09 05 3.9 0 0 0 >350 
10 02 4.1 44 0 89 
10 08 3.7 17 30 
18 08 4.7 448 310 45 
JuI  10 23 3.9 23 47 
22 18 3.9 66 13 27 
31 00 4.5 1,700 5 
Aug 04 16 4.5 74 115 89 
17 17 3.6 0 0 0 >120 
20 04 4.6 124 0 190 
20 12 4.0 0 0 0 >500 
22 23 4.4 254 6 250 36 
23 00 3.9 79 11 5 33 
23 00 3.7 27 20 22 
23 01 4.7 1.285 450 720 21 
Sep 01 16 4.0 51 9(1) 0 39 
05 08 3.6 3 5(1) 0 43 
ARaoo(mm~) 
Date ~ ML 
PAS BRK Ruth Reno 
1961 
Sep 12 19 4.8 10'570 8,300 6,700 
16 17 3.9 3 0 0 
16 19 4.4 600 363 206 
20 05 4.0 620 290 330 
20 10 4.2 49 0 5(1) 
23 06 3.6 2 0 0 
23 08 3.6 0 0 0 
Oct 01 17 3.8 6 16 0 
03 02 3.6 0 1(1) 
04 02 4.1 0 90 
17 
0 
102 
19 05 5.2 4,270 2,140 2,540 240(1) 
Nov 15 05 5.0 2,000 2,330 520 480 
I10 96 120 62 
0 17 0 0 
0 0 0 1(1) 
58 18 103 2(1) 
0* 0 0 
430 560 710 
3 0 
0 0 0 
0 0 0 
J58 110 
96 
18 03 4.3 
18 04 3.7 
19 22 3.6 
]Dec 14 11 4.0 
18 07 3.5 
22 11 4.6 
1962 
Jan 15 23 3.9 
17 18 3.8 
24 06 3.5 
27 22 4.3 
27 23 3.8 
27 23 5.3 18,500 10,800 6,450 
28 01 4.6 450 440 500 510 
28 02 4.4 66 62 320 215 
28 02 4.6 550 360 63(l) 910 
28 11 4. I 103 52 
29 2.3 4.6 65 6(1) 60(1) 
31 03 4.3 153 215 200 270 
31 04 4.3 10 0 9 38 
Feb 0i 07 3.7 41 42 0 
07 13 3.9 16 0 0 
15 07 4.5 33 0 5 0 
15 09 4.4 3(1) 0 0 0 
22 22 3.4 0 22 0 
1962 
Mar 04 20 3.5 12 4(1) 0 0 
05 07 4.5 1,460 1,700 930 1,040 
10 08 4.2 190 460 0 220 
Apt 05 21 3.9 3.5 0 0 19 
08 01 3.7 3.5(1) 11 0 0 
I3 15 4.9 340 970 450 1,000 
13 16 3.9 21 30 0 23 
13 20 3.7 9 29 7 31 
14 07 5.0 1,060 1,800 970 1,260 
15 08 4.2 440 700 310 340 
19 06 3.8 40 74 0 
25 15 3.9 59 15 
27 09 4.1 44 i3 12 
May 03 13 5.0 3,050 1,650 1,890 400 
05 14 3.6 4 0 0 0 
27 01 5.1 800 600 310 200 
3l 02 3.7 28 20 0 
Jun  06 i7 5.3 I4,000 16,500 6,000 10,000 
07 00 4.8 2,200 4,500 2,060 
08 18 3.8 6 0 0 0 
vE a/Mo 
bars 
3 
355 
16 
4 
140 
191 
>130 
76 
191 
21 
39 
36 
44 
140 
130 
33 
>90 
21 
530 
>250 
>90 
32 
8 
11 
25 
36 
24 
28 
130 
20 
300 
19 
I40 
660 
>670 
17 
22 
7 
11 
150 
76 
48 
54 
27 
39 
7 
13 
29 
92 
27 
96 
141 
32 
12 
8 
126 
Geological Survey determined the hypoeenters of many aftershoeks with great accu- 
racy (Eaton et al., 1970; Hamilton, in preparation). These two occurrences, therefore, 
present ideal opportunities to study the change of the parameter ce with depth and 
to compare the level of ce in the two regions. Seismograms for the two regions recorded 
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at Pasadena re compared in Figure 3. I t  is evident hat the Parkfield event produced 
relatively larger surface waves than the Borrego Mountain event. Table 3 contains a 
list of earthquakes in these two regions for which AR was determined and depths with 
precisions of better than 2 km were available (Eaton et al., 1970; Hamilton, in prep- 
aration). The last column of Table 3 contains the ratio of high- to low-frequency 
radiation in terms of the apparent stress. These values are plotted as a function of 
depth in Figure 4. 
The abscissa of Figure 4 is in bars. However, as was pointed out above, these values 
are only meant for comparison with each other, and do not represent the actual in-situ 
stress. Particularly, it should be remembered that for deeper earthquakes the plotted 
value of ca is overestimated relative to shallow ones. Figure 4 demonstrates, however, 
two significant differences between the Parkfield and the Borrego Mountain after- 
shocks. (1) The high- to low-frequency ratio is larger for all depths at Borrego Moun- 
tain than it is at Parkfield. (2) The low-frequency content decreases with depth at 
Borrego Mountain but stays constant at Parkfield. 
The relative increase of the high-frequency content with depth observed at Borrego 
TABLE 3 
AFTERSHOCKS WITH ACCURATE DEPTH DETERMINATIONS 
Time Depth AR~oo Moment Energy Strain Stress 
Location Date (h) (m) M L (USGS) (mm~) M0 (1021 EG ce" cY 
(km) dyne/cm) (1026 erg) (10-5) (bar) 
Borrego 14 Apr. 68 12 55 4.3 10.8" 28. 3.6 178. 50. 150. 
Borrego 15 Apr. 68 12 28 3.5 3.0* 6.6 0.8 11. 14. 42, 
Borrego 16 Apr. 68 03 30 4.8 8.3* 354. 45. 1,000. 23. 68. 
Borrego 17 Apr. 68 02 43 3.7 7.9* _<9. _<1.1 22. >_20. _>60. 
Borrego 06 May 68 17 31 4.0 6.7* 26. 3.2 63. 20. 60. 
Borrego 11 May 68 08 10 4.2 8.8* 37. 4.7 126. 27. 81. 
Borrego 22 May 68 13 26 4.4 7.5* 52. 6.6 250. 38. 114. 
Parkfield 02 July 66 12 08 3.6 8.Ot 47. 7.3 16. 2.2 6.6 
Parkfield 02 July 66 12 16 3.2 9.1t 13. 2.5 4. 1.6 4.8 
Parkfield 02 July 66 12 25 3.1 8.2t 0. <2. 2.8 >1.4 >4.3 
Parkfield 03 Aug. 66 12 39 3.7 5.1t 86. 11. 22. 2. 6.0 
Parkfield 19 Aug. 66 22 51 3.4 0.1t 26. 3.2 8. 2.5 5.0 
* Hamilton (in preparation). 
t Eaton el al. (1970). 
Mountain is in agreement with the observations of Tsujiura (1969). This observation 
indicates that the energy density of deeper sources is larger, which in turn means maller 
dimensions of equal magnitude vents. This behavior could be expected ue to the 
larger hydrostatic pressure and, therefore, greater frictional resistance at depth. The 
lack of increased high-frequency radiation with depth at Parkfield suggests that the 
friction on the fault surface is reduced. 
Parkfield is located on the southern end of the fault zone characterized by creep 
(Toeher, 1960; Brown and Wallace, 1968). Allen (1968) suggested that the occurrence 
of creep along the San Andreas can be correlated with the presence of serpentine, and 
Byerlee and Brace (1968) have shown that rocks containing serpentine respond to axial 
strain by stable sliding rather than by stick-slip as other rocks, granite for instance, 
do. At Parkfield the basement rock west of the fault is granite opposite Franciscan 
basement containing serpentinite on the east side of the fault (Dickinson, 1966). At 
Borrego Mountain the basement on both sides of the fault eonslsts of granite (Dibblee, 
1954). 
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In view of the creep properties of serpentilfite, it is tempting to propose that the 
presence of the Franciscan basement at Parkfield is responsible for the low apparent 
stresses observed. However, Raleigh and Paterson (1965) have shown in the laboratory 
that serpentine does not dehydrate below 300°C, and that serpentinite below this tem- 
perature is comparable in strength to granite. Since the temperatures at depths be- 
tween 5 and 10 km are expected to be below 300°C the dehydration mechanism seems 
to be ruled out in general as an explanation for the low apparent, stress. However, in 
the Parkfield region, temperature could still be an important parameter. Heat-flow 
measurements near Hollister indicate that the temperatures are anomalously high in 
the Franciscan Block (Brune, 1969) to a degree that may be sufficient o produce 
weakening of the serpentinite. 
Another difference between the two aftershock sequences was pointed out by Hamil- 
ton (in preparation) and Allen and Nordquist (in preparation): Many of the Borrego 
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FIG. 4. The ratio of short- to long-period amplitude, expressed as apparent stress, at Borrego 
Mountain (circles and arrows) compared to Parkfield (squares). The abscissa is in bars. Large 
symbols indicate depths by Eaton et at. (1970) and Hamilton (in preparation); small symbols, 
depths by Pasadena bulletin. Arrows are minimum estimates for Borrego Mountain earthquake. 
Mounta in  aftershocks did not occur on the main  faulting surface as they did at Park- 
field (Eaton et al., 1970). The  locations of the aftershocks suggest that at Parkfield the 
fault surface is a well-developed zone of weakness whereas at Borrego it is less well- 
defined. This difference can explain the difference in the level of apparent stress but it 
does not explain the different behavior as a function of depth in the two regions. 
More  detailed studies of the variation of source parameters with depth are needed 
before the question of possible different faulting mechan isms can be resolved. 
Regional variations of stress in southern California. The comparison of the high- to 
low-frequency ratio in southern California is more speculative because the depths of 
most earthquakes are not well-known. In Figure 5 the apparent stresses of southern 
California earthquakes for which an AR value could be obtained between 1961 and 
1967 are plotted. Large values indicate relatively weak low-frequency surface-wave 
radiation which could be due to relatively greater depth of the source, to greater effi- 
ciency of the source mechanism, or to relatively greater stresses in the source region, 
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FIG. 5. Apparent stresses in southern California given in bars. The dots next to the numbers 
indicate the epicenters. The apparent stresses of aftershock sequences are given in boxes with a 
straight line indicating the epicentral region. Pasadena station is marked by a triangle. 
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FIG. 6. Apparent stresses in Baja California and the Gulf of California. Thefine line in northern 
Baja California separates the geological provinces of the southern California bathol ith to the 
west and the Laguna Salada to the east of it. Symbols are the same as in Figure 5. 
which in turn implies greater strength of these source regions. Figures 6 and 7 are 
maps for the region south of the Mexican border and the L\lendoeino fraeture zone. 
The question of how the hypoeentrM depths affect he data presented in Figures 5, 
6, and 7 could not be resolved satisfactorily because the depths are not well enough 
known. During the years 1963 to 1967, the Pasadena bulletins did list depths; before 
that time they did not. In order to see whether another factor than depth influences 
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the apparent stresses, the data were searched for shallow earthquakes (h < 6 km) 
with relatively high apparent stresses (c~ > 100 bars), and for deeper ones (h > 11 kin) 
with relatively low apparent stresses (c~ < 25 bars). Only shocks within the California 
Institute of Technology network were considered. For each of these categories, eight 
earthquakes with quality B locations by Pasadena could be found. However, C. R. 
Allen pointed out to us that, in the future, the Pasadena bulletins will not give any 
depth values unless one station is located as close as 20 km from the epicenter. A com- 
parison of six hypocenter locations by Pasadena with the more accurate ones by Ham- 
ilton (in preparation) indicates that Pasadena quality B locations using one station 
as close as 20 km give meaningful depths and differ by 4-2 km from the locations 
based on the field array Hamilton, in preparation). 
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Only four of 16 earthquakes in the two categories fulfilled the condition that a sta- 
tion be as close as 20 km to the epicenter. These earthquakes and the closest stations 
are given in Table 4. 0nly one of them is relatively shallow with a high stress. These 
data together with the data presented in Table 3 and Figure 4 suggest that there is a 
factor other than depth influencing the apparent stress. It is proposed that this addi- 
tional factor is the stress in the source region. It must, however, be conceded that in 
any region where the hypocentral depths are not known, anomalously high apparent 
stresses could be solely due to greater depth of the earthquakes there. 
Figures 5, 6 and 7 show that along the major fault zones the c~ values are generally 
low. The seismically most active portions of the San Andreas and Oceanic faults have 
the lowest values. The few earthquakes which occurred in the seismically quiet portions 
of the San Andreas (see Allen, 1968) tend to have somewhat higher apparent stress 
values. Long segments of the San Andreas had no earthquakes during the time interval 
studied and nothing can be said about the apparent stresses there. The earthquakes 
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which occurred near the two bends in the San Andreas fault near Tejon Pass and San 
Gorgonio Mountain, show intermediate apparent stresses. I t  is possible that these two 
regions act as locking points (Benioff, 1949) and, therefore, concentrate higher stresses. 
Other intermediate apparent stresses are indieated from San Bernardino southward 
along the San Jaeinto fault. These observations agree with Smith and Van de Lindt 
(1969) who concluded that large stresses hould be accumulated just north of San 
Bernardino. Brune (1969) also concluded that the high stresses hould be accumulated 
near San Gorgonio Pass and near the northern end of the San Jaeinto fault. 
The regions of high apparent stress values are located off the main transform fault 
system of the San Andreas. Conspieuously low surface-wave radiation is observed 
north of Bishop and in northern Baja California as previously noted by Brune et al. 
(1963). I t  may be that the earthquakes in these two regions occur at greater depth 
than in the rest of California. An alternative xplanation of the high apparent stress 
TABLE 4 
VALUES FROM STATIONS LOCATED AS CLOSE AS 20 Ir.JVI FROM EPICENTERS OF 
EARTHQUAKES 
Depth Latitude N Longitude W Date/Station M L c~ 
(deg) (min) (deg) (rain) (krn) 
Deep Low-Stress Earthquakes 
32 58.9 115 33.9 23May 1963 4.6 >14 16 
32 47.9 115 32.5 E1Centro 
33 55.7 118 20.9 8 May 1963 2.7 17 8 
34 08.9 118 10.3 Pasadena 
34 55.9 118 58.5 1 March 1963 5.0 14 28 
34 52.4 118 53.6 Fort Tejon 
Shallow High-Stress Earthquakes 
35 31.0 118 51.2 31 May 1964 3.7 6 >180 
35 42.0 118 50.6 Woody 
values is that the faults in these regions are less well developed than the San Andreas 
fault system and greater stresses are accumulating before rupture occurs. 
The data presented in Figures 5, 6, and 7 include a number of aftershoek sequences. 
In these figures the apparent stresses of aftershoek sequences are given in boxes. The 
values follow in the order of occurrence. In these sequences there is no deerease of 
apparent stress with time observed. The reason for this is that the fraetionM stress 
drop of the small earthquakes studied here (ML < 5) is less than 10 per cent, more 
typieMly in the order of 1 per eent (King and Knopoff, 1968; Wyss, 1970) and the 
dimensions are small. Even the main shocks in these sequences, therefore, do not sig- 
nificantly reduce the average stress in the source region. OeeasionMly, some high ap- 
parent stresses ean be observed in an aftershoek sequence. These could be due to 
deeper events or to earthquakes originating in local stress concentrations produced by 
the main shock around the ends of the faulted area. 
Besides the depth, there is another unknown faetor in the results discussed above, 
namely, the efficiency of conversion of potential energy to seismic waves. This param- 
eter could also vary from region to region. In view of these uneertMnties the results 
presented here cannot be taken as proof of stress differences between source regions. I t  
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is hoped that the present study may stimulate further work with the aim of deter- 
mining more precisely the reasons for the observed large differences in seismic radiation. 
The discrimination problem. One of the most powerful tools in the discrimination 
between underground explosions and earthquakes i the mb -- M, method (e.g., 
SIPRI, 1968; Lacoss, 1969; Liebermann and Pomeroy, 1969; Molnar et al., 1969), a 
variation of which is the AR method (Brune et al., 1963). The comparison of AR to 
the short period amplitude was considered by Evernden (1969) to be an even better 
discriminator than the M~ -- mb method. It is clear that earthquakes with relatively 
large AR values, i.e., low apparent stresses, are easily distinguished from explosions. 
These are the typical Mendocino, San Andreas, and Gulf of California earthquakes. 
These earthquakes have relatively large fault dimensions (Wyss and Brune, 1968; 
Wyss et al., 1970) and they differ sufficiently in size from explosions in order to be dis- 
criminated on this basis alone. 
High stress earthquakes like those on the California-Nevada border, in the Laguna 
Salada region, and the San Gorgonio Pass region (Hanks and Brune, 1970) have con- 
siderably smaller source dimensions. Other earthquakes with small source dimensions 
were discussed by McEvilly (1966) and Ryall et al. (1968). These high-stress earth- 
quakes are the most likely ones to be confused with explosions. It should be determined 
whether and how these earthquakes can successfully be discriminated from explosions. 
If they and other earthquakes from high-stress regions can be discriminated at a given 
magnitude level, then the discrimination problem is solved for that magnitude level 
and above. 
CONCLUSIONS 
It has been shown that large variations in the amplitude ratio of high- to low-fre- 
quency seismic waves exist between local earthquakes in California. It has also been 
shown that these differences are not only a function of depth. The explanation for the 
large variation of surface-wave excitation (apparent stress) is not known for certain, 
however, it is proposed that the main factor causing these differences may be the stress 
in the source region. A more detailed comparison showed that in the Borrego Mountain 
region the apparent stress is higher at all depths than in the Parkfield region. Further- 
more, in the Borrego Mountain region the high- to low-frequency amplitude ratio in- 
creases with depth, whereas at Parkfield it is independent of depth. 
A tentative apparent stress map of southern California is constructed. This map 
suggests that the San Bernardino-San Gorgonio Mountain region is under higher 
stresses than the seismically more active regions of the San Andreas fault system. 
High apparent stresses are observed north of Bishop and in the northern Baja Cali- 
fornia region. These earthquakes are expected to produce arthquakes of the type that 
are the most difficult to distinguish from underground explosions. 
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